ABSTRACT All eukaryotic cells rely on the active self-organization of protein filaments to form a responsive intracellular cytoskeleton. The necessity of motility and reaction to stimuli additionally requires pathways that quickly and reversibly change cytoskeletal organization. While thermally driven order-disorder transitions are, from the viewpoint of physics, the most obvious method for controlling states of organization, the timescales necessary for effective cellular dynamics would require temperatures exceeding the physiologically viable temperature range. We report a mechanism whereby the molecular motor myosin II can cause near-instantaneous order-disorder transitions in reconstituted cytoskeletal actin solutions. When motor-induced filament sliding diminishes, the actin network structure rapidly and reversibly self-organizes into various assemblies. Addition of stable cross linkers was found to alter the architectures of ordered assemblies. These isothermal transitions between dynamic disorder and self-assembled ordered states illustrate that the interplay between passive crosslinking and molecular motor activity plays a substantial role in dynamic cellular organization.
INTRODUCTION
Filaments and molecular motors such as actin and myosin II are key elements of the cytoskeleton, which actively and passively supports and organizes the cell, thus providing a framework for its active processes (1) (2) (3) (4) (5) . Certain specialized functions of intracellular polymer-motor systems such as contractility in both muscle and nonmuscle cells and chromosome division in mitosis have been extensively studied (6) . Beyond these specific tasks, the fundamental role of polymermolecular motor systems in controlling dynamic cellular organization is far more complex and essential to vital cell functions such as motility, mechanotransduction, and elasticitybased lineage specification (7) . It has previously been shown that active artificial motor constructs organize microtubules into spindlelike structures similar to those found during mitosis (8) . In contrast, we have found that biologically occurring multiheaded constructs of the actin-specific motor myosin II maintain disorder in solutions of the semiflexible polymer actin when active, while inducing spontaneous organization when the activity of the motors approaches a minimum.
In solution, individual myosin II motors associate in their tail regions to form bipolar myosin minifilaments, averaging 8-13 proteins in size (9, 10) . The statistical average of several motors on each end of the minifilament leads to an increased collective duty cycle, allowing the motor construct to stay attached to actin filaments for a sufficient time to cause filament sliding (9) , despite their individual nonprocessive nature. These minifilaments form the structural basis for the ability of myosin II to act both as a stable cross linker (in nearchemical-rest conditions) and a kinetic device which drives actin filament sliding (in the active, nonequilibrium state). Filament sliding induced by active myosin has been recently implicated in the control of the viscoelasticity of the cytoskeleton (9, (11) (12) (13) ; however, its more general role in the spatiotemporal organization of the actin cytoskeleton has not been investigated. Given its importance in rapid functions such as cell motility, it is a foremost requirement that the pathways of actin cytoskeletal reorganization act quasiinstantaneously. Since the cytoskeleton exists in a persistent, far from equilibrium state, the rapid response of these pathways could be achieved by ''switching'' via instabilities occurring naturally within the cell. By instabilities, as suggested by Turing in 1952, we mean the spontaneous transitions between different kinds of order, e.g., from an isotropic and homogeneous state to one which displays clustering or an aster pattern (14, 15) . Moreover, these instabilities would allow that minute molecular signals would have the ability to induce such transitions in cytoskeletal organization. The extent to which molecular motors contribute to this reorganization of the actin cytoskeleton is yet unknown.
Due to a cell's molecular complexity, the identification and characterization of its specific intracellular self-organization mechanisms are impractical and lead to ambivalent results. Nevertheless, the actin cytoskeleton often acts as an independent, functional unit, as can be seen in the autonomous motion of lamella fragments (16) . Thus, different cytoskeletal processes can be well studied in vitro in reconstituted systems (17) containing a minimal molecular ensemble, as has been demonstrated for actin polymerization-driven motility (18) . Consequentially, we studied the interactions between actin filaments and myosin II minifilaments as a function of motor activity and density by fluorescently visualizing actin filament aggregation (19) .
MATERIALS AND METHODS

Actomyosin self-assembly
Actin and myosin II were purified according to the protocols recently established by Humphrey et al. (9) , which pay specific attention to the removal of inactive myosin. Labeled and unlabeled filaments were polymerized separately at 24 mM with a 60-min polymerization time sufficient for each. Labeled and unlabeled filaments were diluted together in F-Buffer (10 mM Tris, 0.5 mM ATP, 0.15 M KCl, 2 mM MgCl 2 , 0.2 mM CaCl 2 ) to attain the overall actin concentration of 2.4 mM. In all experiments, polymerized labeled actin filaments were mixed with polymerized unlabeled actin filaments at a ratio of 1:3. The filaments were gently mixed with cut pipette tips to avoid filament breakage. All experiments were performed with 0.5 mM ATP present. Myosin was added to the mixed solution to attain the desired myosin minifilaments per actin filament ratio. Based on average filament length of 10 mm (;4000 monomers), the number ratio of myosin minifilaments to actin filaments n was calculated as n ¼ (c myosin N fil )/(N mini c actin ), where c actin is the molar actin concentration, c myosin is the molar myosin concentration, N fil is the average number of monomers per filament, and N mini is the average number of individual myosin molecules per minifilament. N mini has been previously determined to be ;13 (9, 10) and is the natural state of the myosin minifilaments resulting from our preparations methods. Forty microliters of the mixture was sealed in a slide for observation and analysis through fluorescence microscopy (19) with a 323 objective on an Axiovert 100 (Zeiss, Stuttgart, Germany). Images were captured with a digital chargecoupled device camera (model No. C4792-95-12; Hamamatsu, Iwata City, Japan) using KS400 software (Zeiss).
Streptavidin crosslinking of filaments
For streptavidin crosslinking experiments, actin was additionally gel-filtered with a HiLoad Superdex 200 column. Crosslink points were added during polymerization (in the methods described above) by the addition of a specific amount of biotinylated actin monomers (Molecular Probes/Invitrogen, Carlsbad, CA) to the unmodified actin solution. Crosslink points are assumed to occur in equally probable random placements along the filaments, with no positional preference. Excess streptavidin (Sigma Aldrich, Milwaukee, WI) was added to the final solution to form crosslinks between incorporated biotinylated actin monomers. In crosslinking/bundling experiments, myosin II minifilaments were first treated with 3 mM N-ethylmaleimide (NEM) for 1 h at room temperature. The reaction was stopped with 4 mM DTT (20) .
Fluorescent labeling of myosin II minifilaments
Myosin II minifilaments which had been purified according to Humphrey et al. (9) were labeled with the fluorescent thiol-reactive BODIPY-FL (Molecular Probes, Eugene, OR) marker. The myosin was first diluted to a concentration of 2 mM and deoxygenated for ;15 min. The myosin was incubated for 1 h with a 15-fold molar excess of a reducing agent (TCEP) subsequently followed by the addition of a 25-fold excess of the fluorescent dye. The dye was left to conjugate with the minifilaments for 2 h before an excess of TRIS buffer was added to the solution to consume free BODIPY molecules. The myosin was dialyzed in the dark for two days against an appropriate buffer (0.6 M KCl, 1 mM EDTA, 2 mM MgCl 2 , 10 mM imidazole) to remove excess TRIS-BODIPY conjugates.
Luciferase assays
The presence of ATP in the actomyosin solutions was monitored through a luciferase assay (21) . Luciferase-luciferin in glycine buffer (Sigma Aldrich) was used in a 5 mg/ml concentration. For ATP content measurement at a given time point, 100 ml of luciferase solution was added to 20 ml of the desired actin solution. Luminescence was measured on a Quanta Master model-C cuvette-based scanning spectrofluorometer and visualized using the Felix software package (PTI, Birmingham, AL). Correlation of ATP content to filament assembly was examined by making simultaneous visual observations as described above.
Use of caged-ATP
Chemical energy to reactivate the myosin motors was reintroduced into the actomyosin system through caged-ATP (Sigma Aldrich) (22) . In addition to the normal F-Buffer with ATP, caged-ATP with a concentration of 0.5 mM was present. Quartz slides were used to allow passage of ultraviolet (UV) light. ATP was released by exposing the samples to UV light emitted from the microscope's mercury lamp for a time of 90 s. Release of caged-ATP was verified through a luciferase assay as described above.
Modeling growth of clusters and immobilization
So far, modeling efforts on filament-motor systems have concentrated on the dissipative case, as occurring in microtubule-motor mixtures, where the ATP supply in the system is considered to be a constant in space and time (23, 24, 25) and one is beyond an instability if the driving is sufficiently high. The arguments given above and in the main body of the text that, upon ATP depletion, an interplay of filament bundling and immobilization gives rise to a crossing of an instability border with time, can be exemplified within the existing models as shown in this section. However, as a quantitative analysis even for the stationary dissipative case is still lacking, for the more subtle case discussed here, where an instability is crossed and a transient pattern is then frozen-in, only qualitative insight about the suggested mechanisms can be expected from the present mean-field approaches.
The temporary clustering and the immobilization leading to ultimate freezing of the actomyosin structures can be implemented in the previouslyestablished model for interactions between filaments and active cross linkers (23, 26) . In the case addressed here, the probability distribution function (pdf) C a ðr; ũ; tÞ must be related to actively transported, growing clusters (at position r; in orientation ũ; at time t) rather than to single filaments. This pdf for the active clusters is coupled to an equation for a second pdf of immobilized clusters C i ðr; ũ; tÞ as follows:
Here J t is the translational current and J r the rotational current. Both currents have active contributions due to the motor-induced transport (23) . If the pdf for the total (active 1 immobilized) cluster is written as C ¼ C a 1 C i ; both currents depend locally on C a ðr; ũ; tÞ and nonlocally on Cðr9; ũ9; tÞ of the other clusters within the region where overlap is possible. The value s describes transitions from the active to the immobilized cluster state and reads s ¼ C a ðr; ũ; tÞ
WðrÀ r9; ũ; ũ9ÞCðr9; ũ9; tÞ;
where W is the overlap function and s 1 and s 2 are two phenomenological parameters, the latter favoring parallel alignment upon inclusion into the immobile cluster. For more details on the single-pdf model, we refer to the literature (23, 26) . The growth of the actively transported clusters of size S can be accounted for by assuming simple scaling behaviors for the model parameters: the diffusion coefficient should scale with cluster size like D / D/S due to growing mass, the cluster density should scale like r / r/S due to the overall conservation of filaments, and the phenomenological parameter of motor transport introduced in Eq. 1 should vary like a / aS due to the increasing cross section of growing clusters as discussed above.
Implementing a coarse-grained version of this model that extracts equations for the cluster density and the cluster orientation field, one gets frozen-in structures reminiscent of those seen in the experiments shown in Fig. 4 .
Influence of disorder
The dynamics of spatial patterns near an instability can be described in terms of envelope equations (15, 24, 26) for the envelope of the spatially varying fields. Starting from the basis model (23) and considering, as discussed above, that the motor activity parameter has a small random contribution due to crosslinker-induced randomly varying cluster density (a(x) ¼ a 0 1 ea 1 (x) 1 . . .), in the case of the orientational instability we are led to the modified Ginzburg-Landau equation for the envelope A(x,t) (we restrict ourselves to the one-dimensional case):
Here N.L. denotes nonlinear terms which are not of importance for the instability threshold. The value e is the relative distance of the control parameter, here chosen as a, from its threshold value a 0 , andãðxÞ}a 1 ðxÞ is the disorder contribution. Assuming for the random contribution a vanishing mean value, AEãðxÞae ¼ 0; and a correlation AEãðxÞãðx9Þae ¼ Bdðx À x9Þ; one gets a shift of the average threshold AEe c ae } À B, making pattern formation more likely (27) in the presence of disorder, i.e., cross linkers. In case of the density-demixing instability present in both models (23, 24) , the threshold lowering can be caught similarly in the framework of the Cahn-Hilliard equation (28) .
RESULTS AND DISCUSSION
The overall self-organization of actomyosin solutions depends on the two key interactions of actin and myosin: temporary crosslinking of actin filaments by myosin in non-ATP conditions and myosin-induced sliding of actin filaments in the presence of excess ATP. With an actin concentration of 2.4 mM, we first examined the effect of varying the ratio between myosin minifilaments and actin filaments from 3 to 300 minifilaments per actin filament. We observed a rich phase space of self-organized structures, including networks of thick filament bundles, asters (ranging over a large size scale and connectivity), networks reminiscent of neuronal geometries, and dense, irregularly shaped condensates of filaments reminiscent of structures commonly referred to in literature as super-precipitates (29, 30) , as indicated in the left-hand side of the phase diagram (Fig. 1) . The asters in vitro resemble previously observed cytoskeletal structures found in the lamellipodium of fish epidermal keratocyte cells (16, 31) . The observed self-assembled structures formed after time intervals ranging from 45 to 90 min, after which they persisted in a stable state.
To further investigate the dynamics of these self-assembly processes, we studied actomyosin solutions in relation to both time and presence of chemical fuel. In all cases, the initial ATP concentration was 500 mM, which was subsequently hydrolyzed by the molecular motors. Even though the typical time required for the formation of the observed ordered structures after the addition of motors ranged from 45 to 90 min, the actual assembly process was seen to occur during a period of 1-2 min near the end of the observation time, after an initial lag phase (Fig. 2) . Therefore, the transition from the dynamically disordered state to one displaying a high degree of order is not a linear process beginning from the time of the introduction of active motors into the system; instead it is sudden and quick, which is a rather common signature of exponentially growing structures beyond an instability (15) .
To determine the correlation between filament assembly and ATP-dependent motor activity, we performed a luciferase assay to evaluate myosin ATPase activity. This assay served as a measure for the amount of chemical fuel available to power filament-sliding at specific time points after motors have been added to the system. While a consistent decline in ATP concentration was always observed with active motors present, the sudden transition to the self-assembled state did not typically begin until the remaining ATP concentration dropped below ;10% of the initial content (see Supplementary Material Fig. 1 ). At this point, roughly one-third of the minifilaments became transiently inactive due to insufficient fuel. All subsequent observations showed no further structural change since the ATP-deficient myosin froze the assemblies by permanent crosslinking. By this, it is clear that spontaneous self-assembly occurs only as the filamentsliding behavior of the motors diminishes below a certain critical threshold, triggering the sudden transition to crosslinkdominated ordering of actomyosin structures (Fig. 1) .
The self-assembled architectures additionally displayed a variance relative to the concentration of an external static cross linker inserted into the solution, such as a biotinstreptavidin-based crosslinking system. We inserted a controlled number of crosslink points into actin filaments by way of commercially obtained biotinylated actin monomers, which were subsequently linked via addition of streptavidin to the solution. In a pure system of actin and myosin devoid of any exterior crosslinking, the stable final state consisted of an aligned nematiclike gel of actin filaments (Fig. 3 A) similar to architectures predicted to arise due to nonequilibrium phase transitions in filament-gliding assays (32) . The inclusion of trace amounts of crosslink points induced asterlike clustering of filaments (Fig. 3, B and C) . With an increasing number of cross linkers, the structures were observed to be both larger and denser in nature, with a greater number of actin filaments from the surrounding solution incorporated into the compacted asters. The various structures appeared invariable in relation to conditions such as sample thickness (in a range of ;5-50 mm) and temperature (within the viable range for such proteins) while only showing a significant alteration depending on the specific biochemical conditions such as relative actin, myosin, and crosslink concentrations.
Motivated by experiments on microtubules interacting with oligomeric motor complexes (8) , there have been recent efforts to model such interactions occurring between filaments and mobile cross linkers, i.e., motors. This work has established that patterns such as asters and bundles can arise from the instabilities induced by motor transport (23) (24) (25) (26) , triggered either by an increase in filament or motor density, or by an increase in the activity of the motors (Fig. 4) . In the case of the structures observed in microtubule systems, the patterns are dissipative, meaning that they require a constant energy supply by means of ATP hydrolysis. By contrast, in the experiments reported here, the clustering effect occurs as the supply of ATP is approaching depletion. Here we give two arguments about how these observations in actomyosin can also be traced back to instabilities. In Materials and Methods, we exemplify these mechanisms in terms of a specific model.
In the initial stages of ATP depletion, local and temporary crosslinking of inactive motors causes the formation of small actomyosin clusters through enhancement of local actin filament concentration via a bundling process. This bundling is similar to the local ''zipping mechanism'' in gel-sol transitions as observed by Uhde et al. (33) and has additionally been observed in actomyosin solutions containing NEM-modified myosin II minifilaments displaying purely crosslinking activity (see Supplementary Material Fig. 2 ). In addition, it is known from single-motor experiments that active motors can easily overcome the few stationary rigor bonds in the tangential direction relative to filament sliding (34, 35) . Given the propensity of temporarily inactive motors to form filament clusters, we consider the density and motor activity of actomyosin clusters rather than of single filaments and motors as considered in microtubule systems.
It has been estimated by Liverpool et al. (23) that the motor activity for a single filament (a) should behave as 
where m is the motor density, u the duty ratio, s the step size, and t the time of a single cycle for a single motor. The filament properties are summed up in the second term, which can be considered as the total collision cross section for the filament, where L is the length of the filament and b its diameter. The net effect of an increasing degree of temporary crosslinking during ATP depletion is an overall increase in the cluster-related motor activity a cl , leading to a crossing of the instability border (Fig. 4) . The increase in a cl comes as a result of an enlarged cross section from bundling, while the myosin motor activity is not strongly impeded due to the temporary nature of the motor cross linkers and the relatively weak strength of the rigor states in the tangential direction as mentioned above. This effect is further enhanced by the decrease in diffusion resulting from the increasing mass of the clusters. Since the total number of filaments is conserved, there is a decrease in the overall density of clusters r cl within the system as the clusters grow larger. In tandem with the increasing a cl , this leads, upon ATP depletion, to a shift in parameter space as indicated by the arrow in Fig. 4 . Upon further depletion approaching the equilibrium state for myosin hydrolysis of ATP (36), the strong decrease in the motor part of a cl due to rapidly vanishing motor activity m leads to the freezing of the system. We implemented these effects in the model of Liverpool et al. (23, 26) , obtaining simulated architectures reminiscent of those seen in the experimental system (Fig. 4) . While not demonstrating any quantitative comparison between the specific structures seen, the results of this implementation do offer preliminary evidence of why the ordering of motorfilament systems can occur as a function of rapidlydecreasing motor activity. Motor-filament systems previously examined both experimentally and theoretically have only displayed active, motor-driven assembly whereas the seemingly contrary observations here indicate a very different mechanism. By showing how the rapid cessation of motor activity can also trigger an instability-driven aggregation and ordering process, this modeling effort alleviates the seeming paradox between previous observations, and those shown here with the actin-myosin II system.
In systems showing an assembly of filament structures such as asters driven by active motors, both an accumulation of motors in the centers of the asters as well as an aligned polarity of the filaments incorporated within the asters has been observed (8) . On the contrary, the mechanism of bundling by inactive motors leading to the instability-driven aggregation hypothesized here should yield a distribution of motors that is more proportional to the local actin concentration. In an effort to visualize the location of motors within self-assembled actomyosin structures, myosin minifilaments were labeled with a BODIPY-FL fluorescent marker to allow colocalization of both protein species. As evidenced by observation with a laser-scanning microscope to avoid crossexcitation of the two types of fluorophores, the motors were distributed throughout the asters in an evenly-distributed manner in relation to the actin (Fig. 5) . While the signal from the myosin is substantially weaker due to less overall myosin (;10% by number compared to rhodamine phalloidinlabeled actin monomers), it is clear that myosin is still present in all parts of contracted actomyosin structures, with no clear proclivity for the center regions of asters, as previously seen for motor-driven assembly of microtubule aster (8) . Such a relative distribution distinctly favors the bundling and ''freezing'' process described above.
As indicated by our experimental observations, the addition of permanent cross linkers, e.g., streptavidin, further enhances the propensity for dense structure formation. Streptavidin is assumed to form small, permanent, randomly distributed filament clusters which change the local filament density and motor activity. Due to their random distribution and decreased mobility compared to single filaments, these clusters effectively represent a time-independent spatial disorder. From other pattern-forming systems (15, 37, 38) , it is known that disorder decreases the instability threshold. In the framework of the existing motor-filament models, this FIGURE 4 Phase diagram from mean-field models for instability-driven ordering in actomyosin solutions. (Diagram) As the ATP available to be hydrolyzed by the motors is depleted, the clustering process enhances the cross section and thus the effective cluster activity a cl , causing an approach toward the instability threshold (solid line). Addition of static cross linkers such as streptavidin to the system shifts the instability threshold (as indicated by the dashed line) to smaller values of a cl , thus enhancing the tendency of ordered clustering. (A and B) Experimentally observed and theoretically reproduced aster architectures demonstrating similarity between final assembly properties. In the simulation of the mean-field model on the right-hand side, the filament cluster density r cl is color-coded in red while arrows show the orientation field. (Scale bar is 20 mm.) can be incorporated by allowing (the motor activity) a to have a small spatially varying random contribution, as detailed in Materials and Methods. Similar to the approach used in Ziebert et al. (26) , one can describe the dynamics near the instability border by reduced equations. One resulting equation has been recently investigated and indeed the analysis yielded a lowering of the instability threshold proportional to the noise amplitude (27) . In relation to the actomyosin system, the consequently reduced threshold resulting from the addition of permanent streptavidin cross linkers proved crucial for the occurrence of clusters (Fig. 3) .
The dynamic behavior of a motor-driven instability is determined by the time required for the filament to undergo directed sliding of a distance equal to its length (5 s for a 10 mm filament) (9), which is much faster than Brownian-driven motion, having a characteristic timescale several times that of the reptation time of an individual filament in an inactive, non-crosslinked gel (which is ;10 min for a 10-mm filament) (9) . Therefore, if the above-described actomyosin structures are formed due to an instability, quick and reversible switching should be observable.
To examine reversibility with respect to myosin activity, we used caged-ATP molecules to facilitate controlled reintroduction of chemical fuel into a system which has already attained its stable, self-organized rest state (Fig. 6 ). An actomyosin system initially containing equal amounts of ATP and caged-ATP (500 mM) was allowed to organize into a state displaying asters, with ATP maximally depleted (and all caged-ATP still inactivated). We then flashed the system with UV light to release ATP from its cage, providing a sudden restoration of myosin II motor activity. This triggered, within 1-2 min, a complete return to the initial dynamically disordered state, with no discernible structure or clustering remaining. After an additional time to allow for the reintroduced ATP to be depleted by the active motors as before, the system returned to a near-chemical-rest state, and asters were once again seen to form by a sudden transition. This demonstrated the ability of myosin minifilaments to repeatedly switch actin networks between states of fixed filament order and dynamic disorder. By this process, one may envision a cycle whereby ordered, stable actomyosin structures form as a result of ATP depletion instigating an instabilityinduced growth of actomyosin clusters, while a reactivation of the motors triggers a rapid return to the state of dynamically disordered filaments and motors (Fig. 6 ). This is in contrast to the microtubule-kinesin system, where active motor constructs caused ordering but the complimentary disordering transition required for a reversible switch was not observed (8) . 
CONCLUSION
An isothermic (39) rapid switching of different intracellular architectures controlled by motor activity exceeds transition rates possible through thermal (i.e., Brownian) pathways while exploiting a cell's nonequilibrium state. The resulting instabilities are particularly well-suited to induce sudden and drastic transitions in cellular organization triggered by small molecular signals. Such mechanisms have already been implicated as key in crucial cell functions such as DNA replication, and cell division. In the case of DNA replication, motors-instead of a thermally driven helix-coil transition -are used to unwind the two strands. In cell division, the motors do not only generate the forces to separate the chromosomes via the spindle apparatus but are also instrumental in the self-organization of the spindle itself (8) . In addition, the myosin II-directed actin assembly can potentially play a quintessential role in actin-driven morphological changes of the cell such as the organization of the contractile ring in dividing cells (T. Kamasaki, M. Osumi, and I. Mabuchi. 2005 . Paper presented at the 45th Annual Meeting of the American Society for Cell Biology, Abstract #149). While DNA replication, the spindle apparatus, and the actomyosin system may at first seem unconnected, the molecular motors involved in each share a common specific role in the control of order and self-organization. The synonymous functions in three widely dissimilar systems suggest a reevaluation in the consideration of the cellular functions of molecular motors from that of being simply machines in specific molecular processes, to the more general role of controlling and causing rapid switching of intracellular order. Future studies involving other species of myosin motors displaying varying properties (e.g., processive myosin V or single-headed heavy meromyosin) or alteration and tight control of myosin II minifilament composition could further elucidate the full scope of this mechanism. While order-disorder transitions in actin solutions can also be mediated by temperature (40) or confinement effects (41) , thermal or steric-based polymer dynamics are inherently slower than motor-based switching. Consequently, it becomes evident that motor activity is a powerful tool to control and switch the state of order in polymer systems.
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